WHAT'S KNOWN ON THIS SUBJECT: Cholestasis predisposes to the development of fat-soluble vitamin (FSV) deficiency. D-a tocopheryl polyethylene glycol-1000 succinate and coadministered FSVs are absorbed in spite of cholestasis.
Biliary atresia (BA) leads to obstruction of the extrahepatic biliary tree. Treatment by surgical hepatoportoenterostomy (HPE) restores bile flow in ∼50% of infants. 1 Many infants do not have optimal bile flow even after timely HPE with the resulting chronic cholestasis leading to malabsorption and nutritional deficiencies, cirrhosis, and end-stage liver disease. Early after HPE, a total serum bilirubin .2 mg/dL, a marker of poor bile flow, has been found to be associated with poorer short-term outcome. 2, 3 Infants with BA are at risk for malabsorption of dietary lipid and fat-soluble vitamins (FSVs) due to insufficient intraluminal bile acid concentrations. 4 Thus, routine FSV supplementation after HPE has been advocated to prevent biochemical and clinical deficiency states of vitamins A, D, E, and K. 5 To provide these vitamins, 2 approaches are typically employed: (1) supplementation with large doses of each individual vitamin (either orally or intramuscularly) or (2) use of multiple vitamin preparations that contain increased levels of FSV. Most of the high-dose multiple vitamin preparations were developed for supplementation in infants and children with other diseases characterized by fat malabsorption, such as cystic fibrosis, 6 and not designed specifically for those with cholestasis. A liquid multiple FSV preparation made with d-a tocopheryl polyethylene glycol-1000 succinate (TPGS; a micelle forming water-soluble form of vitamin E), FSV/ TPGS, is frequently used in the management of infants with BA because of ease of administration and presumed efficacy due to the inclusion of TPGS, which enhances absorption of FSV independent of luminal bile acids. 7 The efficacy of these preparations in preventing vitamin deficiencies in cholestasis in general, and BA in particular, has not been evaluated, despite their widespread clinical use.
The Biliary Atresia Research Consortium, a multiinstitutional clinical research consortium funded by the National Institutes of Health now called theChildhoodLiverDiseaseResearchand Education Network, has been conducting a randomized, placebo-controlled, double blinded trial of corticosteroid therapy after HPE for BA since 2004. In this study all enrolled infants are treated with a standardized dose of a liquid multiple FSV/TPGS preparation with additional supplementation of individual vitamins as needed (Table 1) . Serum levels of FSV are monitored routinely during this study, allowing for a unique means of evaluating the efficacy of the vitamin supplementation in preventing FSV deficiencies in BA. The objective of this substudy was to evaluate FSV status longitudinally in patients enrolled in this study from 2005 to 2009 and to determine serum markers predictive of biochemical vitamin insufficiency.
METHODS

Study Participants
Infants enrolled in a randomized doubleblinded, placebo-controlled trial of corticosteroid therapy after HPE for BA were the subjects of this investigation (identifier NCT 00294684). Infants were enrolled in this study within 72 hours of their HPE. Independent of their randomization status (placebo or corticosteroids), all infants in this trial received standardized FSV/TPGS supplementation and monitoring as described below. Informed consent was obtained from the parent or guardian for all study participants, and institutional review board approval was obtained at each local center.
Vitamin Administration
Postoperatively, as soon as enteral intake was tolerated, study participants received 2 mL per os daily of a commercially available FSV/TPGS (ADEKs or AquADEKs, trademarks owned by or under license by Axcan Pharma US, Inc, Birmingham, AL). The type of multivitamin preparation was changed from ADEKs to AquADEKs ∼32 months after the initiation of the study because the manufacturer changed the composition of this product to the latter formulation. Detailed compositional comparison of ADEKs and AquADEKs is provided in Supplemental Table 4 . The TPGS (an amphipathic molecule) potentially serves to enhance absorption of FSV that are comixed in these preparations. 7 The vitamin composition of the 2 preparations differed in that AquADEKs contained more vitamin A as b carotene, 25% more vitamin E, and 4 
Monitoring
Blood testing for prothrombin time/ international normalized ratio (INR), total bilirubin (TB), total lipids, retinol binding protein (RBP), retinol, a tocopherol, and 25-hydroxyvitamin D was performed 1, 3, and 6 months after HPE. TB was equated with the sum of conjugated and unconjugated bilirubin in circumstances where TB was not measured directly. In some cases, adequate blood samples could not be obtained for testing of all vitamin levels at all time points.
Vitamin Assays
Vitamin, RBP, and total lipids were performed in the Clinical Translational Research Center Core Laboratory at Children' s Hospital Colorado (Aurora, CO) by the same methods that were used to establish normal ranges in the literature. Retinol and tocopherol levels were assayed from deproteinized serum or plasma by high performance liquid chromatography. 8 RBP level was assayed by immunonephelometry by using the BNII Analyzer 9 and according to the manufacturer (Siemens, Deerfield, IL). Total serum lipids were measured spectrophotometrically when reacted with vanillin as described. 10 Twenty-five-hydroxy vitamin D was assayed by radioimmunoassay according to the manufacturer (Diasorin, Stillwater, MN). The range of detectable levels and the performance parameters of the assays are listed in Supplemental Table 5 . Pediatric reference ranges used for target vitamin levels in this study (Table 1) were followed from published criteria. 
Statistical Analyses
Vitamin levels and TB were available at 1, 3, and 6 months post-HPE on varying number of subjects. Data were analyzed separately at each time point. Analysis of FSV sufficiency was undertaken in all infants including those who received supplements in addition to FSV/TPGS. Descriptive statistics (Ns, means, and SDs) were reported on the vitamin levels. Vitamin levels were classified as low, sufficient, or high, and were also classified as sufficient or insufficient by using the cutoffs in The numbers of subjects who died or underwent liver transplantation were 0 at 1 month, 3 at 3 months, and 10 at 6 months. Forty-seven percent of the subjects were boys, 23% Hispanic, 57% white, 13% African American, and 30% other races (Asian, Native American, and unknown).
Vitamin Levels During Supplementation
Serum FSV levels at different time intervals after HPE are shown in Table 2 .
ARTICLE
Serum vitamin levels in patients with BA were grouped as low, sufficient, or high relative to reference ranges (Table 1) and are shown in Supplemental Fig 4 according to time after HPE. A representative scatterplot of specific levels at 6 months after HPE is seen in Fig 1. Biochemical evidence of insufficiency of at least 1 vitamin was noted in 58%, 53%, and 57% of the infants at 1, 3, and 6 months after HPE, respectively. High FSV levels were generally uncommon and seen more so at the earlier time points (Supplemental Fig 4) . FSV levels differed somewhat between the ADEKs and AquADEKs supplementation eras (Supplemental Table 6 ). The limited number of subjects only receiving ADEKs (n = 46) or AquADEKs (n = 41) did not permit a detailed analysis of the prevalence of insufficiency at each specific time point in ADEKs versus AquADEKs supplemented subjects.
Vitamin Insufficiency and TB >2 mg/dL
Vitamin levels, in general, were negatively correlated with TB (Fig 2) . A TB of ,2 mg/dL has often been used as a marker of evidence of good bile flow after HPE, with the corollary being that a TB .2 mg/dL indicates impaired bile flow. In light of this clinical observation, a detailed examination was performed of the prevalence of vitamin sufficiency relative to a TB of ,2 mg/dL. Vitamin levels were generally sufficient in infants whose TB was ,2 mg/dL, whereas there was a relatively high level of insufficiency in those with TB .2 mg/dL (Table 3 and Fig 3) . In fact, at 3 and 6 months post HPE, only 3 of 24 and 0 of 23 infants, respectively, with TB .2 mg/ dL were sufficient in all FSV. Not all vitamin levels were drawn at all time points. The ability to obtain adequate blood specimens coupled with the potential perceived necessity for the sample influenced the availability of serum for the vitamin level. At 1, 3, and 6 months after HPE, the percentage of subjects who did not have a vitamin level obtained was similar between those with a TB ,2 mg/dL versus those with a TB .2 mg/dL (data not shown). There was a trend toward fewer measurements in those with TB as ,2 mg/dL.
DISCUSSION
FSV deficiencies are among the most common nutritional deficiencies in infants and children with cholestatic liver diseases, capable of causing rickets and bone fractures, coagulopathy with hemorrhage, cerebellar ataxia, and impaired vision. 12 In cholestasis, low serum 25 hydroxyvitamin D levels, 13 low ratio of retinol:RBP, 15 and low ratio of a tocopherol:total serum lipids 17 have been shown to correlate with clinically important deficiencies of the respective vitamins. In this study, we used a conservative cutoff for biochemical deficiency of vitamin D (25-hydroxyvitamin D level ,15 ng/mL). If a higher cutoff were to be used, as has been suggested by others, 14 then a higher frequency of vitamin D deficiency would have been identified (Figs  1 and 2) . Cross-sectional studies of cholestatic children have revealed that .50% will have biochemical evidence of insufficiency of vitamins A, D, and E. 4, 15, [20] [21] [22] [23] In the current study, the effectiveness of a standardized regimen of vitamin supplementation in achieving normal serum levels of FSV was assessed in infants with BA after HPE. Supplementation with the FSV/TPGS preparation plus additional vitamin K failed to prevent FSV insufficiency in up to 58% of infants. The 2 vitamin preparations (ADEKs and AquADEKs) resulted in similar aggregated serum levels of FSV. This investigation was neither powered nor designed to directly compare the adequacy of ADEKs versus AquADEKs as a FSV supplement. Despite receiving increasing doses of individual FSV in an attempt to achieve vitamin sufficiency, many infants in this study continued to display persistent insufficiency. Analysis of the requirements of FSV in infants with BA and persistent cholestasis are on-going. However, from this study, it can be concluded that infants with BA who maintain a serum TB at or above 2 mg/dL remain at high risk for FSV insufficiency and that the FSV/ TPGS supplements used in this study plus additional vitamin K were ineffective in preventing all FSV deficiencies in a significant percentage of infants with BA.
There are a number of potential strategies taken to prevent the development of FSV deficiency in infants with cholestasis. Oral supplementation of individual vitamin preparations at doses in significant excess of the Dietary Reference Intake is 1 recommended approach. 5 This requires prescription of several vitamin formulations and necessitates close monitoring of individual serum vitamin levels and INR. In the setting of significant cholestasis, oral administration of even large doses of standard vitamin formulations may be inadequate. 24 Alternatively, periodic intramuscular administration of vitamins can circumvent poor intestinal absorption; however, it is generally not favored by patients nor their families. In the United States, preparations are available for intramuscular administration of vitamins A, D, and K, but not for vitamin E. Another approach is the chemical modification of a vitamin to promote greater water solubility. The conjugation of a tocopheryl succinate with polyethylene glycol-1000 created an amphipathic molecule (TPGS) that undergoes self-micellization at concentrations as low as 0.02 mM, which precludes the necessity for bile acid micellar solubilization. 25 This formulation of tocopherol has excellent intestinal absorption even in the setting of severe cholestasis. 24 When TPGS is coadministered with other FSV, enhanced absorption of the unmodified vitamins has been observed in the setting of significant cholestasis. 7 This property formed the basis for the commercially available liquid preparations of multiple FSV (with larger doses of FSV than standard multivitamin preparations) suspended in TPGS that were used in this study. Although initially formulated for use in cystic fibrosis, these preparations had the potential for relatively simplified administration of all FSV to infants with cholestasis and were thus chosen as the standard form of vitamin supplementation for infants with BA in this prospective study.
Unfortunately, these 2 TPGS-based liquid multivitamin preparations were ineffective in correcting or preventing the development of FSV deficiency in the majority of infants with BA, especially those with persistent cholestasis. Deficiencies in vitamins A, D, and E were quite common, being significantly more common in infants whose TB was .2 mg/dL. Elevated INR as an estimate of vitamin K deficiency was prevalent but less so than deficiencies of vitamins A and D. Low absolute serum vitamin E levels were less common, although when normalized for total serum lipids, which is the accurate marker for vitamin E deficiency in cholestasis, insufficiency was similar to that observed for vitamin K. Effects of individual vitamin supplementation were not analyzed due to limits in sample size. The importance of these findings lies in the common clinical practice of prescribing the FSV/TPGS preparations used in this study as the only vitamin supplement for infants with BA, with the assumption that absorption was adequate and that monitoring was unnecessary. This is clearly not the case in those infants who remain cholestatic, necessitating other approaches for vitamin supplementation and attention to frequent monitoring. Finally, it is recognized that the participants evaluated in this study were randomized to a 14-week course of corticosteroids or placebo during the course of this study (identifier NCT 00294684) and that the blind for this ongoing trial will not be broken until 2013. The finding of a large proportion of infants with FSV deficiency justified early publication of these findings.
Despite the probability that half of the patients reported received corticosteroids, there is no evidence that corticosteroid therapy alters absorption or metabolism of any of the FSV and thus would not affect serum vitamin levels. If the corticosteroid therapy had a beneficial effect on bile flow, which could improve FSV absorption, this would be reflected by lower serum TB and would not alter the conclusions of this study. Thus, we believe that the conclusions reached in regard to the effectiveness of the FSV/TPGS supplements are valid despite the patients participating in this ongoing clinical trial regardless of the final results of that study. One of the potential benefits of corticosteroid therapy could be improved FSV status if corticosteroids are found to improve bile flow after HPE.
CONCLUSIONS
It is clear that infants with BA who have evidence of persistent cholestasis, as manifest by serum TB in excess of 2 mg/dL, remain at high risk for FSV insufficiency despite supplementation with an available FSV/TPGS
FIGURE 2
Scatterplot of serum 25-hydroxyvitamin D levels plotted against TB. All measured 25-hydroxyvitamin D levels from all time points after HPE are plotted relative to total serum bilirubin. Spline correlation is depicted by the solid line. The darker shaded box reflects measurements that would be categorized as insufficient with a cutoff of 15 ng/mL, whereas the lighter shaded box reflects the revised cutoff of 20 ng/mL. a Vitamin levels are measured in serum. b The number of subjects with this finding.
FIGURE 3
Prevalence of fat-soluble vitamin sufficiency relative to TB level $ or ,2 mg/dL. The presence (unfilled bar) or absence (shaded bar) of any FSV insufficiency (A, D, E, or K as defined in Table 1 ) at a given time point post HPE is depicted in the bar graph. The prevalence is reported for those infants with a TB ,2 mg/dL relative to those with a TB $2 mg/dL. The y axis represents absolute numbers of subjects reported.
supplement plus additional vitamin K that is commonly used in clinical practice. Six months after HPE, the prevalence of biochemical evidence of FSV insufficiency in infants with persistent cholestasis (elevated serum TB) is 100%, 79%, 50%, and 46%, respectively, for vitamins A, D, E, and K (Table 3) . Thus, careful monitoring for vitamin insufficiency is warranted in infants with BA particularly those whose TB is .2 mg/dL. Current strategies that can successfully correct and prevent FSV deficiency include adding large supplements of individual vitamins, switching to more water-soluble forms (eg, TPGS or 1,25-dihydroxyvitamin D), or administration of intramuscular injections. Development of more effective multiple vitamin supplements for childhood cholestasis will be a challenge because of the varying percentage of patients with persistent deficiency of each of the FSV and thus a regimen of individual vitamin supplementation coupled with timely monitoring of serum levels appears to be necessary.
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